A mathematical model for Plasmodium vivax
malaria transmission: estimation of the impact of
transmission-blocking immunity in an endemic area
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We have developed a multi-state mathematical model to describe the transmission of Plasmodium vivax
malaria; the model accommodates variable transmission-blocking/enhancing immunity during the course
of a blood infection, a short memory for boosting immunity, and relapses. Using the model, we simulated
the incidence of human malaria, sporozoite rates in the vector population, and the level of transmission-
blocking immunity for the infected population over a period of time. Field data from an epidemiological
study conducted in Kataragama in the south of Sri Lanka were used to test the results obtained. The
incidence of malaria during the study period was simulated satisfactorily. The impact of naturally-acquired
transmission-blocking immunity on malaria transmission under different vectorial capacities was also
simulated. The results show that at low vectorial capacities, e.g., just above the threshold for transmis-
sion, the effect of transmission-blocking immunity is very significant; however, the effect is lower at higher

vectorial capacities.

Introduction

Malaria transmission-blocking immunity that is
mediated by serum antibodies against the sexual
stages (gametes and zygotes) of the malaria parasite
occurs in the midgut of the mosquito vector and
arrests further development of the parasite in the
insect. This immunity was first described following
its induction in animals by artificial immunization
(1, 2), and subsequently in humans as a response to
natural malaria infections (3-5). Increasing the level
of antibodies to reduce parasite infectivity has been
developed as a potential vaccine strategy against the
human malarias. Transmission-blocking vaccines
differ from others in that they aim primarily to
reduce the reservoir of infection in an endemic com-
munity, as opposed to directly protecting the vacci-
nated individual. The impact of such vaccines on
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malaria in a community therefore depends to a much
greater extent on the dynamics of transmission than
with vaccines against other stages of the malaria
parasite. It is therefore more difficult to assess intu-
itively the impact of transmission-blocking vaccines
on disease incidence. Quantitative studies are thus
needed to ascertain the potential impact of reducing
infectivity and to determine the extent to which this
depends on the prevailing intensity of transmission.

We have previously used mathematical studies
to quantify the effects of naturally-acquired
transmission-blocking immunity on malaria. In this
way, using field data from a Plasmodium vivax
epidemic that occurred in a region of Sri Lanka,
we showed that naturally-acquired transmission-
blocking immunity can lead to a significant
reduction in the incidence of malaria during an epi-
demic (6). This was the first attempt to model P.
vivax transmission and to simulate explicitly the
evolution and effects of transmission-blocking im-
munity. However, the method could not predict im-
munity levels, values for which had to be derived
from field observations; the procedure therefore was
of little value for quantifying transmission in other
settings.

In the present article we report a comprehensive
mathematical model for P. vivax malaria that takes
into account transmission-blocking immunity in
humans, including the boosting of immunity by
repeated infections, and a defined and short immune
memory for boosting. The model was developed and
tested using field and laboratory data collected in an
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epidemiological study in which malaria transmission
was monitored for two consecutive peak transmis-
sion periods in Kataragama, an area in the south of
Sri Lanka that is endemic for P. vivax malaria (7).
Since the model was developed with the specific aim
of predicting the levels of naturally-acquired
transmission-blocking immunity in the population,
and of assessing its effect on malaria transmission, it
could be used to evaluate different control strategies
for P. vivax malaria.

Materials and methods

General description of the model

Based on an approach described by Dietz et al. (8)
for P. falciparum, we have developed a multi-state
mathematical model for P. vivax. The model rep-

resents 21 states that consider negative (uninfected),
incubating, and blood-positive (infected) stages of P.
vivax malaria in humans. Up to two relapses (with
one or two broods of hypnozoites are accommo-
dated and two levels of transmission-blocking immu-
nity: level-1 for a primary infection and a boosted
level-2 for a post-primary infection. A variable infec-
tivity of the parasite to mosquitos during the course
of a human infection was modelled, based on
transmission-enhancing and transmission-blocking
antibodies (9). The model and the transfer rate equa-
tions between the different states and levels of im-
munity are shown schematically in Fig. 1 and
described in detail in Annex 1.

An explicit vector model was used, assuming
that no recovery or superinfection was possible. The
man-mosquito contact rate was taken to be homo-
geneous and a Poisson distribution was used to

Fig. 1. Scheme showing the transfers (inoculation, recovery and immune loss, relapse, and incubation) between the 21
states of infection and recovery used in the model. The states are denoted as follows: Z = the number in negative
uninfected states; X = the number in incubating states (pre-infective states); and Y = the number in positive infective
states. The first subscript on X, Y or Z indicates the level of transmission-blocking immunity; the second indicates the
number of hypnozoite broods in the liver, e.g., Z, , denotes an uninfected human with an immunity at level-1 and two
broods of hypnozoites in the liver. The states are numbered 1-3 for level-0, 11-19 for level-1, and 21-29 for level-2. The
equations governing these states are described in Annex 1.

Positive

Incubating

Negative

inoculation

recovery and immune loss

229 747

No hypnozoites 1st brood of hypnozoites

726

incubation
relapse

ITmmune level-1

Zu”
0z Non-immune

2nd brood of hypnozoites

WHO Bulletin OMS. Vol 69 1991



A mathematical model for Plasmodium vivax malaria transmission

Fig. 2. Scheme showing the transfers between the three
vector states used in the model. The equations govern-
ing these states are described in Annex 2.
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determine the expected contact rates (see Fig. 2 and
Annex 2).

-
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Transmission-blocking immunity and infectivity

Natural malaria infections in humans lead to the
production of antibodies directed against the surface
antigens of the malaria parasite gametes. At suffi-
ciently high concentrations these antibodies reduce
the infectivity of the parasite to mosquitos (3) and at
lower concentrations have the opposite effect, i.e.,
enhance its infectivity (/0). Transmission-blocking
immunity was modelled on the basis that serum
from the early stages of a primary infection, when
antibody titres are low, enhances infectivity, while
that from the latter stages, when titres are high,
blocks transmission (Fig. 3) (9). This immunity is
evoked even by a primary malaria infection (level-1
immunity) (3), and can be boosted by subsequent
infections (level-2 immunity) if they occur within

Fig. 3. Curve showing the relative infectivity of a patient
over time, as assumed in the model. N and f are defined
in the text (see section ‘‘Modelling infectivity’’). The
100% relative infectivity corresponds to a level of infec-
tivity without transmission blocking or enhancement.
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approximately 4 months of the previous infection,
i.e., the immune memory for boosting the response is
completely lost unless reinfection occurs within 4
months (4).

We assumed that the infectivity of patients
varies only as a result of transmission-blocking or
transmission-enhancing immunity and that the
average duration of a potentially infective period of
an infection (gametocyte positive) is 4 days. This
relatively short infection period means that a signifi-
cant contact rate is necessary to sustain transmis-
sion, and hence we observed a high threshold
vectorial capacity.

Modelling infectivity

The relative infectivity was defined as the probability
of a mosquito developing sporozoites from biting a
patient relative to that of developing sporozoites
from a similar bite, in the absence of transmission-
blocking or transmission-enhancing immunity.

Fig. 3 depicts the typical relative infectivity
variation, N, relative to the duration of a blood
infection, where I is the level of immunity (1 or 2),
and f the period of infectivity. If the number of new
arrivals at time 5 is Q() and M is the proportion of
positives who are infective, the average relative infec-
tivity per individual at time ¢ for a positive state in
the population, Y, at level I' of immunity is given
by:

I)=M| Ndt—
- f)

nQr{ndn

/ ft Qrimdn  (4)
- f)

where (t —f) <n <t;forj=1-3.

The relative infectivity, Ir;, could take one of
two levels corresponding to transmission-blocking
immunity with (I' = 2) or without (I' = 1) boosting.
Values for the relative infectivity on days 14 after
infection are given in Table 1.

The serum effects on variation in 1nfect1v1ty,
relative to non-immune serum, for the first 4 days of
infection are also shown in Table 1. These values
were derived from measurements of transmission-
blocking immunity made on sera of P. vivax patients
during the study (A. C. Gamage-Mendis et al,
unpublished results, 1991). The average individual
relative infectivity, J{(t), in the human population at
time ¢t and immune level I is given by

2 2
Jt) = 'Z:o Irj Yr,(t)/ ’Z:o Yr,(t) (B)

forT' =1,2.
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Table 1: Relative infectivity used by the model for
patients infected with Plasmodium vivax malaria®

Infectivity relative to
non-immune controls:

No. of
days after Effect on

infection N,(n)* N,(n)° infectivity
1 2.58 1.20 Enhancing
2 0.6 0.29 Blocking
3 0.23 0.03 Blocking
4 0.013 0.0 Blocking

Average 0.86 0.38 —_

* Infectivity of individuals without enhancement or blocking = 1.
® Level-1.
¢ Level-2, boosted.

Modelling immune memory for boosting

A negative (uninfected) state (k) with immune
memory and the rate equation for the state [k] are
shown schematically below

Z(1)
state [k]

|
O(1)Z(r)

where Z(t) = the total number of individuals occupy-
ing the state [k]; ZI(t) = the daily rate of entry to
this state; ©(t) = daily probability of a reinfection
(due to inoculation or relapse) in this state; and
ZO(t) = the daily rate of removal from this state
with loss of immune memory = y,, as defined in
Fig. 1.
It can be shown that

dZ@)y/dt = ZI(1) - &(OZ(1) — ZO()  (O)

ZO(t) is the proportion of individuals who entered
the immune state at time (¢t — T), where T is the
period after which there is a complete loss of
immune memory for boosting.

To derive an expression for ZO(t), we shall
follow a set of individuals, ZI(t — T), who first
entered the immune state on day (t — T). Let the
number of individuals who entered this state on day
(t — T) and who remain after time ¢ has elapsed be
ZIt— T, ¢),where0 < < T.

Since

dZIt — T, ¢))/dd = —&¢t — T + $)ZI(t — T, ¢),

ZI(t) > - Z0()

J "d@He-T, )N~ T, $) =
(]

—re(r—r+¢>d¢
0

which, after integrating gives
Zit—T,T)=ZIt - T, 0)

X exp[—fre(t—T+¢)d¢].

Since ZI(¢t — T, T) is the number of individuals
who entered the state at time (¢t — T) and who are
still there at time ¢,

ZIt— T, T) = ZO@w)
and
ZIt—T,0) = ZI(t — T).

If we define

Tx@*(z)=r@(t—r+¢)d¢,
(V]

where ©@*(t) is the average rate of removal from
(t — T)tot, then

Z0(t) = ZIt — T) exp[—O*)T] =y, (D)
which upon substitution in (C), gives
(dZ(t)/de) = ZI(1) — &) Z(1)
— ZI(t — T) exp[—O*)T] (E)

The terms in eq. E for the different k states are
given in Annex 3, while the states themselves are
shown in Fig. 1.

Vector model

Epidemiological studies have determined that six of
the anopheline species prevalent in the study area
are infected with the sporozoites of human malarias
(7). In order to simplify the modelling of the vector,
we adjusted the man-biting rate of each of these
species with reference to that of Anopheles culici-
facies, the best-studied malaria vector in Sri Lanka,
using a relative transmission efficiency factor whose
derivation has been described elsewhere (16). In the
simulations we used the properties of a single A. culi-
cifacies vector in conjunction with the “effective”
man-biting rates of the other species.

The model is shown schematically in Fig. 2 and
described in detail in Annex 2.

Simulating the Kataragama epidemic

The set of coupled first-order differential equations
shown in Annex 1 was solved numerically on a
microcomputer using a program in PASCAL and
the transmission of P. vivax malaria was simulated
for the 17 months of the field study. To establish
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transmission-blocking immunity levels at the start of
the simulation, we required information about the
inoculation history of individuals prior to the moni-
toring period. We therefore started the simulation 4
months before the period of monitoring began, using
the monthly P. vivax incidence recorded at Katara-
gama by the national antimalaria campaign, and
estimated the man-biting rate during this period by
assuming that this rate lagged behind the incidence
by 1 month and that the incidence was proportional
to the man-biting rate.

We then computed the incidence for the first 4
months of the field study (November 1986 to Feb-
ruary 1987), which corresponded to the first peak
transmission period. The values S, S, and S, defined
in Annexes 1 and 2 were varied until the simulated
values agreed closely with the observed incidence
over these 4 months (least squares difference). The
search for a solution was limited to values of S, S,
and S, between 0 and 1. We obtained a unique solu-
tion for S, S, and S, by ensuring that the predicted
daily prevalence, sporozoite rate, and level of immu-
nity agreed closely with the observed levels. The
simulation was then extended to the entire monitor-
ing period, i.e., up to March 1988, which included a
period of low transmission (April-September 1987)
and a second peak transmission period (October
1987 to March 1988). A higher man-biting habit was
used for the 6 months during the dry season than for
the wet season, as has been observed for Sri Lanka
(P.R.J. Herath, unpublished results, 1988).

Results

The simulated monthly incidence of malaria (with
transmission-blocking immunity) shown in Fig. 4

Table 2: Effect of immunity on the incidence of Plasmo-
dium vivax malaria

% of patients:

Simulated
With Without
Category Observed immunity immunity
Primary infections or 85.9 84.4 61.2

repeat infections
beyond 4 months

Repeat infection 141 15.6 38.9
within 4 months

agrees reasonably well with the observed incidence.
To estimate the effect of transmission-blocking
immunity on the incidence, we performed the simu-
lation in the absence of immunity, ie., by assuming
that the relative infectivity of all infective individuals
was 1.0. This resulted in a much higher incidence
throughout the monitoring period (Fig. 5a). The
effect of boosting immunity by repeated infection
was investigated by performing the simulation with
equal relative infectivity values for immune level-1
and level-2; boosting appeared to have a substantial
impact on the infectivity of patients and hence on
transmission (Fig. 5b).

The immune status of the population deter-
mined from the field data and given by the simula-
tion are very similar (Table 2). The average daily
prevalence of P. vivax predicted by the simulation
was 0.08% in the presence, and 1.13% in the absence
of immunity.

The effect of transmission-blocking immunity at
different vectorial capacities (vectorial capacity as

Fig. 4. Monthly incidence of Plasmodium vivax malaria as observed during the epidemiological study and simulated
(accounting for transmission-blocking immunity), together with the man-biting rate measured during the study.
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Fig. 5. a) Simulated monthly incidence of Plasmodium
vivax malaria with and without transmission-blocking
immunity and b) with transmission-blocking Immunity in
the presence and absence of boosting. The simulated
monthly average individual relative infectivity of patients
in the absence and presence of boosting Is also shown.
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Fig. 6. Variation of the incidence of Plasmodium vivax
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lation, with vectorial capacity in the presence and
absence of transmission-blocking immunity, as simu-
lated by the model. The simulations were performed for
400 days at each vectorial capacity.
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Vectorial capacity

defined in Dietz et al. (8)) was calculated by deter-
mining the monthly incidence reached when the vec-
torial capacity was held constant for a sufficiently
long period of time, with or without transmission-
blocking immunity (Fig. 6). The effect of
transmission-blocking immunity was most marked
at low vectorial capacities. In Kataragama the pre-
dicted threshold vectorial capacity to sustain trans-
mission was 0.63 with transmission-blocking
immunity, and 0.49 without. The vectorial capacity
during the study period varied from 0.07 to 1.4.

No account was taken of a concurrent P. falci-
parum epidemic that occurred in the study region
during the period of the field study (7).

Discussion

The mathematical model that we have described to
simulate transmission of P. vivax malaria in humans
incorporates naturally-acquired transmission-block-
ing immunity and was used in conjunction with data
obtained from a field study to simulate the trans-
mission during two consecutive seasons in an area
that is endemic for malaria in Sri Lanka.

The results of the simulation agreed well with
the observed incidence of P. vivax malaria, particu-
larly during the high transmission periods. However,
during the dry season when transmission was low,
the simulated incidence fell below the observed
(July—October 1987). This discrepancy may have
been due to the following: during the dry season the
human blood index in the vector often increases
because cattle migrate away from areas of human
habitation (in the simulation a correction for this
had to be estimated); clustering of malaria infections
in the human population because of non-
homogeneous inoculations (//}—in contrast we
assumed homogeneity; and inaccuracies in the mea-
surements of the man-biting rate in the dry season
because of very low vector densities. The generally
low entomological inoculation rates that prevail in
Sri Lanka (7) made the simulation extremely sensi-
tive to the decisive parameters, such as the man-
biting rate, habit and vector mortality. The monthly
average incidence of P. vivax malaria, even during
peak transmission periods, was as low as 1.5% and
man-biting rates were about 8 bites per person per
night. As we have shown, the threshold vectorial
capacity to sustain transmission was 0.63. In Katara-
gama the vectorial capacity varied from 0.07 to 1.4,
indicating that transmission during the study period
had been sustained at a level only marginally above
the threshold. This is in contrast to most simulations
of malaria transmission reported by other workers;
for example, in Garki, where the vectorial capacities
were well above the threshold values required to
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sustain transmission (/2). In Garki, the peak vector-
ial capacities were nearly 1000 times the threshold
value, while in Kataragama the peak values were
only 2-3 times the threshold and were lower than
the threshold for 6 months of the year. In situations
where the incidence of human malaria is very low
and involves clusters of small groups, such as
occurred in Kataragama during the dry season, sto-
chastic models might be more appropriate than the
deterministic formulation we have used here (13, 14).

Our model accounts for several unique features
that influence transmission of P. vivax malaria, such
as relapses from up to two broods of hypnozoites,
and all known features of transmission-blocking
immunity; these include a variation of immunity
during the course of a patent blood infection, and its
boosting subject to reinfection within a short period.
We have, however, explicitly not modelled immunity
to other stages of the malaria parasite. Inmunity to
the anti-asexual stage would have lowered the
average infectivity of patients and reduced the pro-
portion of the population susceptible to malaria; it
was assumed that these would not vary much during
a single transmission period if there was no appre-
ciable change in the age distribution of the popu-
lation. Therefore the factors S and S, used in the
model would have accounted for these effects, albeit
approximately.

The simulation shows that under the prevailing
transmission conditions in Sri Lanka, the incidence
of P. vivax malaria would have been significantly
higher in the absence of naturally-acquired
transmission-blocking immunity. It thus appears
that despite the infectivity-enhancing effects of anti-
gamete antibodies, the overall effect of immunity on
an endemic population is to significantly reduce
transmission of malaria. The model also showed that
the boosting of immunity by frequent reinfection
contributed significantly to lowering the infectivity of
the population; the frequent boosting of immunity
during the high-transmission season reduced infec-
tivity during the following low-transmission season.
Subsequently, the short immune memory for boost-
ing, coupled with the low inoculation rates that pre-
vailed during the dry season, led to a loss of
immunity and a restoration of the original level of
infectivity at the onset of the next transmission
season. Transmission-blocking immunity, however,
had little effect on the duration of the high-
transmission season or on the temporal distribution
of the incidence of malaria, i.e., the shape of the inci-
dence curve, which was largely determined by vector
densities.

The threshold vectorial capacity in Kataragama
is much higher than that reported for the Garki
project (/2), largely because of the high recovery
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rates in Sri Lanka resulting from effective chemo-
therapy. In Kataragama transmission-blocking
immunity raises the threshold vectorial capacity by
about 30%, and the impact of this immunity
becomes less pronounced as the vectorial capacity
increases.

The model explicitly describes transmission-
blocking immunity and has been tested in a situation
where low intensities of transmission prevail;
however, it can also be used to evaluate vector
control methods and to simulate transmission-
blocking vaccine trials in situations where different
transmission characteristics occur.
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4 4
Résume

Transmission du paludisme a Plasmodium
vivax : modéle mathématique pour estimer
Peffet de 'immunité bloquant la transmission
en secteur d’endémie

Les anticorps dirigés contre les stades sexués des
plasmodies sont élaborés en réponse aux infec-
tions palustres naturelles et diminuent ou méme
neutralisent [I'infectiosité pour le moustique
vecteur des gamétocytes présents chez le patient.
L’élévation du titre d’anticorps anti-stades sexués
pour diminuer I'infectiosité du parasite a été envi-
sagée parmi les stratégies vaccinales possibles
contre les paludismes humains. L'immunité blo-
quant la transmission pourrait diminuer la trans-
mission palustre dans les secteurs d’endémie.
L'objet de la présente étude est de décrire un
modéle mathématique appliqué a la transmission
du paludisme a P. vivax et son utilisation pour
quantifier les effects de I'immunité antipalustre
bloquant la transmission acquise naturellement en
secteur d’endémie. Le modeéle tient compte des
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caractéristiques suivantes de la transmission de P.

vivax:

—immunité bloquant la transmission suscitée par
une primo-infestation et immunité secondaire
due a une réinfestation dans un délai donné;

—disparition de la mémoire immunitaire aprés
une période donnée en I'absence de réinfesta-
tion;

—"*activation”” de
I'infestation;

—rechutes résultant de I'existence de deux géné-
rations d’hypnozoites.

La modélisation a utilisé une méthode décrite
pour la premiére fois par Dietz et al. pour P. falci-
parum. Le modele recouvre 21 états, correspon-
dant a trois stades: négatif (pas d’infestation),
incubation, et positif (infestation); les rechutes et
deux degrés différents d’'immunité (réponse pri-
maire et réponse secondaire) sont également pris
en compte par le modéle. Un modéle vectoriel
explicite qui suppose un contact aléatoire homo-
gene est utilisé. L'ensemble des couples
d’équations différentielles qui en résultent ont été
numériquement résolus au moyen d’un ordinateur,
et les résultats utilisés pour simuler la transmis-
sion du paludisme a P. vivax sur une durée de 17
mois a Kataragama, dans le sud du Sri Lanka,
secteur ou I’endémicité est faible. L'incidence pa-
lustre et le niveau de I'immunité bloquant la trans-
mission simulés dans la population concordent
relativement bien avec les valeurs observées.

Pour estimer I'effet de I'immunité bloquant la
transmission sur l'incidence du paludisme, la
simulation a été réalisée en I'absence d‘immunité.
Une incidence beaucoup plus élevée a alors été
observée tout au long de la période de sur-
veillance. L’effet de I'immunisation secondaire, a
la suite d'une nouvelle infestation, a été étudié par
la simulation en donnant a I'infectiosité relative
des valeurs égales pour les deux niveaux immu-
nitaires; le renforcement de I'immunité par des
réinfestations fréquentes (ou des rechutes) semble
avoir un impact considérable sur I'infectiosité des
patients et, par conséquent, sur la transmission. A
Kataragama, la transmission se maintient pour
des capacités vectorielles relativement basses,
c'est-a-dire a peine au-dessus du seuil. Les résul-
tats de la simulation pour des capacités vectoriel-
les différentes mais constantes, avec ou sans
immunité, donnent a penser que ['effet de
I'immunité sur la transmission est faible quand la
capacité vectorielle est élevée.

Ces simulations aménent aux conclusions sui-
vantes:

—L’immunité bloquant la transmission acquise
naturellement peut jouer un rble de régulateur

I'infectiosité au début de

732

dans la transmission du paludisme et diminuer
considérablement I'incidence palustre dans un
secteur de transmission.

—Les réponses immunitaires secondaires dues a
des réinfestations fréquentes sont un facteur
important dans la diminution de I'incidence pa-
lustre.

—L’'immunité bloquant la transmission acquise
naturellement est sans effet important sur la
capacité vectorielle seuil, nécessaire au main-
tien de la transmission.

—L’immunité bloquant la transmission a un effet
plus marqué sur lincidence du paludisme
quand la capacité vectorielle est faible, et un
effet moindre quand la capacité vectorielle
augmente.
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Annex 1

The following transfer rates were used:

d; ;: transfer rate at time ¢t from state [i] to [j]; and

d; ;- transfer rate at time (¢ — 7) from state [i] to [j], where

7 is the incubation period of the malaria parasite in

humans.
The variables defined below were also used in the

model:

6: vector inoculation rate at time ¢, as derived from eq.
(H) (see Annex 2);

g: estimated relapse rate (for one brood of parasites in the
liver) (15);

a: recovery rate without retaining an extra brood of
hypnozoites;

a*: overall recovery rate, with or without retaining an
extra brood of hypnozoites;

B: recovery rate while retaining an extra brood of hypno-
zoites;

M. rate at which immune memory is lost from state [k] at
time ¢ (given by eq. C); and

S: proportion of population susceptible to malaria.

Transfer rate between different states

Upon inoculation by the vector, persons whose state is
negative transfer first to an incubating state at a higher
immune level and then after the incubating period to a
positive state (e.g., Zoo = X 10 = Y10):

Persons who are reinfected due to relapses transfer
directly to a positive state at the same time as releasing a
single brood of parasites (e.g., Zo, = Y, ).

Positive cases who recover either do so completely
without retaining an additional brood of parasites or
recover but do retain such a brood (e.g, Y, > Z,, or
Yo Zy))

Persons in a negative state who lose immune memory
always pass to the non-immune category (€.8., Z,o — Zyo
and Z,, - Z,,).
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At the highest immune category (level-2), the transfer
to positive states is to the same level, e.g, Z,, - X,, = Y,,.
Below are listed expressions for the transfer rates between
the various states in the model; all values are at time ¢,
except when otherwise stated.

dy 14 =0.2Z¢,
di7,11=a. Y,
dys = K115

dls.ns =dz.1s’
dls‘ 13 =5. Yu,

dy ;= €. 2o,
dus. 19 = ds,s,
d13.3 = H13,
di1.24=0.Zy

dy4. 27 =11, 24 + d31,24)
dy7,21 =. Yy,
dys27=¢.2Zy,
diz25=0.2Zyy,

dyz.2 = Hazs

dzs.zs =p.Y,,

d13.26 =0.Zy,,

dyo 23 =0*. Yy,

dys3 = Ha3,

du.n = dl, 14

dn. 125 B. Yio
dz‘ 15 =0.2Z,
dig2=a.Y,
diz2 =l

da. 16 =0.Zg,
dig13=0%.7,
d:;, 18 = 2. Zy,
d21.24 =0.2Z5
d27. 22 B. Y20
dy1,1 =Hay

dyy, 25 = 6_- Zy

dzs. 28 = (dzz. 25 + dl2‘ 25)
dyg, 0 =0a.Yy

di3,26 = 6_. Zy, _
dye,20 = (d33,26 + d13, 26)
dzs. 8 =286.2Z,,
dizn=¢.2Zy

dn,zs =2.2,,.

Rate of change equations for the different states
Nonimmune states:

dZyo/dt) =d;y  +dyy, —dy 14
dZo,/dt) =dy 3 5 +dyy 2 —dy 17— dy 45
(dZoy/dt) =dy3, 3 +dy3,3—d3 16— dy, 18

Immunity at level-1:

dZo/dt) =dy51; —dyy, —dyiy, 24

[dZ,,/dt) =d g 12 +dyq, 12— d12,25 —d12,2—dy3 27
(dZ,,/dt) =dyg 13 +dig 13— dy3,3 —dy326 —d13, 28
(Xmo/dt) = dl. 14— du, 17

dX,,/dt) =d, 15 —dys 18

(dX /) = dy 16 — dy6, 19

@Yio/dt) =dy4 17 +dy 17— dyq 11 —dig, 12

@Y, /dt) =d,s5 15 +d3 15 —dig, 12— dig 13
dY,,/dt) =dg 10 —dyg, 13

Immunity at level-2:

(dZ,0/dt) = dyq, 31 — d3y, 24 — d3y 4

(dzzl/dt) = dz7. 22+ dzs, 22 dzz. 27— dzz, 25 dzz, 2
(dZ,,/dt) = dyg 33 + d3s, 23 — d33,28 — d23,26 — 423, 3
(X 30/dt) =d,y 34 + dyq, 24 — d34, 27

(dX,,/dt) =d,; 55+ dys 25 — d3s, 28

(dX,,/dt) = d,3 36 + d23, 26 — d26, 29

(dYyo/dt) =d,3 37+ dz4 27 +dy3 37 —dyq 25 —dyq 5y
(dY,/dt) = dy5 25 + dy3, 28 + d23, 28 — d2g, 23 — d2g, 22
(dYy,/dt) = dy6, 29 — d3, 23

S is defined such that the sum of all X, Y, and Z = S* (total
population).
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Annex 2

There are three states of the vector: negative (susceptible to
infection), incubating and positive for sporozoites. The pro-
portion of vectors in these three states at time ¢t are W(t),
Wy(t), and Wi(t), respectively (Fig. 2).
The following are defined:
a: man biting habit;
%: incubating period between intake of a gametocyte
and the development of a sporozoite;
so: probability of a successful infection, given that an
infective mosquito bites a “susceptible” human
(without the effect of transmission-blocking
immunity);
J,(t): average relative infectivity of individuals at level-1 of
transmission-blocking immunity at time ¢ (from eq.
B);
J,(t): average relative infectivity of individuals at level-2 of
transmission blocking immunity at time ¢ (from eq.
B);
s,: the probability of a “successful” intake of parasite
into a mosquito that has bitten an infectious human.
If ¥V, and V, are the proportion of humans infective at
level-1 and level-2, respectively, then

2
V@)= Y, Y /N,
j=0

and
2
V)= Y Y,{tyN
j=0

where N is the total human population.

m: daily mortality rate, which is assumed to be constant.
If we denote any evaluations at time (¢ — ) by a bar

above the function, and those at time ¢ with no bar, i.c.,

Vit—%) =V, and V)=V,
then for the positive state,
(dW,/dt) = as,(J,V, + J,V,)W, exp[ —mt] — mW, (F)
and for the incubating state,
@Wy/dr) = as,(J, V, + L, V)W,
—as,(J V; + J,V,)W, exp[ —mi] — mW, (G)
and we have
Wi+ W, + W, =1 (H)

The sporozoite rate SPR(t) = W ,(t), hence the inocu-
lation rate, assuming a Poisson distribution with a mean
frequency of (Mbr x SPR), where Mbr = man-biting rate,
is given by

(1) = so(1 — exp[ — Mbr x Wy(1)]) U]

Effective man-biting rate

P
An equivalent Mbr is defined as Mbr = Y e,(Mbr),, where
i=1
e, is transmission efficiency of an ith species with respect to
a kth species; (Mbr); is the man-biting rate of the ith
species, and p is total number of species detected with spo-
rozoites. Values for e, are shown in the Table.

Table: Relative transmission efficiency values, e, for
various species of mosquito

Species®

Acul  Anig Apal Asub Ates Awag

e, 100 0.89 0.29 0.77 1.75 0.48

* A.cul = Anopheles culicifacies, A.nig = A. nigerrimus, A.pal =
A. pallidus, A.sub = A. subpictus, A.tes = A. tessellatus, A.vag =
A. vagus.

Vector properties

The vector properties of A. culicifacies used for the simula-
tion are shown below.

Daily mortality rate (m) = 0.198 (measured from field
observations).

Mean man-biting habit, dry season = 0.32 (data not
shown).

Mean man-biting habit, wet season = 0.20 (data not
shown).

Incubating
observation).

period ()=9 days (laboratory

Annex 3

The terms in eq. E for different states of loss of immune
memory for boosting are shown in the Table.

Table: Terms in eq. E (see text)

k*e #e =20() 21h° e()°
" B .Y o

12 M2 .Y, +B.Y o+¢
13 Hia a* .Y, +B.Y,, o+ 2
21 Hay a. Yy é

22 Ha22 .Y +B.Y5% o+¢
23 Has a* .Y +B.Yy o+ 2

? k* = states as shown in Fig. 1.

® o = (1 — proportion relapsing)/(time span of disease); a* = 1/
(time span of disease); # = (proportion relapsing)/(time span of
disease).

ce=rel

timet.

pse rate (! ted from ref. 15); all values are at
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